Deviations from the universal genetic code have evolved independently several times in ciliated protozoa. Thus, in some species UAA and UAG are no longer used as termination codons, but are read as glutamine, whereas in the genus Euplotes, UGA is translated as cysteine. We have investigated the nature of the tRNA Cys isoacceptor responsible for decoding UGA in Euplotes cells. Southern hybridization analyses indicated that a single DNA molecule of 630 bp encoding tRNA Cys exists in the macronucleus of Euplotes octocarinatus. Cloning and sequencing of this fragment revealed that it contains only one copy of a tRNA Cys gene, which codes for a normal tRNA Cys with GCA anticodon. This is the first report of the characterization of a tRNA gene in any hypotrichous ciliate. It contains putative signals for initiation and termination of transcription by RNA polymerase III and can be transcribed efficiently in vitro in HeLa cell nuclear extract. Intensive studies on the DNA and tRNA level involving PCR analyses have not disclosed the existence of any tRNA Cys isoacceptor with UCA or ICA anticodons. Translation of the UGA codon by tRNA Cys GCA necessitates a G:A mispairing in the first anticodon position. We discuss a number of aspects which might contribute to the finding that a near-cognate tRNA isoacceptor efficiently translates the UGA stop codon.
INTRODUCTION
Deviations from the universal genetic code have first been found in the small genomes of mammalian and fungal mitochondria (1, 2) , one characteristic feature being that the termination codon UGA is read as tryptophan in these organelles. Later, it was discovered that UGA also codes for tryptophan in the wall-less prokaryote Mycoplasma capricolum (3) . Deviant codes have been detected in the nuclear genomes of various eukaryotic organisms (4) (5) (6) (7) . Among these genomes, those of unicellular ciliates show a number of exceptional features. They all exhibit nuclear dimorphism. Cells contain a germline micronucleus, which is transcriptionally inactive, and a vegetative macronucleus which is formed from the micronucleus in a process which involves degradation of chromosomes accompanied by the loss of a high percentage of DNA sequences and the specific fragmentation of the DNA into gene-sized molecules (8) . Moreover, many ciliates utilize a deviant genetic code. In the holotrichous ciliates Tetrahymena and Paramecium, as well as in the hypotrichous Stylonychia and Oxytricha, the universal termination codons UAA and UAG are translated into glutamine, and UGA is used as the only termination codon (9) . Unexpectedly, Meyer et al. (10) showed that UGA is translated as cysteine in pheromone 3 of the hypotrichous ciliate Euplotes octocarinatus and that UAA is employed as a stop codon.
The first indications for unconventional codon usage in ciliates were deduced from reports of several groups that in ciliate genes, such as those of Stylonychia α-tubulin, Paramecium surface antigen, Tetrahymena histone H3 and Tetrahymena actin, the stop codons TAA or TAG were present repeatedly in the coding region (11) (12) (13) (14) (15) . Moreover, comparison of the structures of these genes with the amino acid composition of the proteins related to these genes in other eukaryotes led to the conclusion that these two stop codons are read as glutamine. Later on, the basis for this non-universal genetic code was explained by the detection and characterization of three different glutamine tRNA isoacceptors which are present in Tetrahymena thermophila cells (16, 17) . The first tRNA Gln isoacceptor with the anticodon UmUG reads the two normal glutamine codons CAA and CAG and appears to be the counterpart of one of two cytoplasmic tRNA Gln isoacceptors present in other organisms. The remaining two are unique and contain the anticodons UmUA and CUA, respectively. The tRNA Gln with UmUA anticodon is able to recognize UAA as well as the UAG stop codon as was shown by in vitro translation of β-globin mRNA and tobacco mosaic virus RNA in a reticulocyte lysate, while tRNA Gln with CUA anticodon translates only UAG (17) .
The first hint that the genus Euplotes differs in its codon usage from other ciliates came from the observation that some genes of *To whom correspondence should be addressed. Tel: +49 931 888 4031; Fax: +49 931 888 4028; Email: junker@biozentrum.uni-wuerzburg.de Downloaded from https://academic.oup.com/nar/article-abstract/26/20/4557/2901992 by guest on 28 December 2018 E.crassus and E.raikovi are terminated by the TAA codon (18, 19) . Subsequently it was shown that numerous genes in E.octocarinatus and E.crassus contain in-frame TGA codons which are mostly found at conserved cysteinyl residues (10, (20) (21) (22) including at highly preserved cysteine positions in zinc finger binding motifs of two subunits from RNA polymerases I and II of E.octocarinatus (23) . Moreover, the first presumed cysteine residue in pheromone 3 was shown to be present by direct N-terminal sequence analysis of carboxymethylated protein (10) .
Whether the translation of the UGA codon into cysteine in Euplotes is due to an exceptional tRNA Cys isoacceptor, analogous to the presence of uncommon tRNA Gln isoacceptors in Tetrahymena, or is accomplished by a normal tRNA Cys GCA with reduced codon specificity, or to some other unknown mechanism has remained an open question until now. In the first model, two putative tRNA Cys isoacceptors are conceivable: a tRNA Cys with the complementary anticodon U*CA that would decode UGA, but not the cysteine codons UGC and UGU, or a tRNA Cys with ICA anticodon that would be able to read all three codons according to the 'wobble' rules (24) . However, it should be emphasized in this connection that both presumptive isoacceptors would pose some problems. First, a non-tryptophan tRNA with UCA anticodon would have to be prevented from reading the UGG tryptophan codon (which could be achieved by a specific hypermodification of the uridine at the first anticodon position). Second, a tRNA Cys with ICA anticodon might actually translate the UGA codon very poorly, since a number of observations indicate that the interaction of inosine with adenosine is inefficient (25, 26) . In this work we have isolated a macronuclear DNA fragment from E.octocarinatus that contains a single copy of tRNA Cys with a GCA anticodon. Further data on the tRNA and DNA level suggest that no other tRNA Cys isoacceptor exists in Euplotes cells.
MATERIALS AND METHODS

Enzymes and reagents
Restriction endonucleases, calf intestinal alkaline phosphatase, T4 DNA ligase and T4 polynucleotide kinase were from Boehringer (Mannheim). SuperscripttII RNase Hreverse transcriptase was purchased from Gibco-BRL, and cloned Pfu DNA polymerase was from Stratagene. The sequenase kit (7-deaza dGTP version) from USB was used for sequencing reactions. L-[ 35 S]cysteine with a specific activitiy of 48 TBq/mmol was obtained from Amersham Buchler (Braunschweig) and all other radiochemicals were from Hartmann Analytic (Braunschweig).
Cells and culture conditions
Euplotes octocarinatus strains 3(58)-IX and 64(1)-IX were used in this study. They were grown with the photosynthetic flagellate Chlorogonium elongatum as a food source in a synthetic medium as described by Freiburg (27) . Escherichia coli JM109 was used as a host for propagation of plasmid DNA.
Preparation of low molecular weight RNA
Total RNA was prepared from 8 × 10 8 cells by disrupting suitable aliquots in a blender with a mixture of 100 ml phenol and of 100 ml buffer containing 50 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 2 mM EDTA, 10 mM MgCl 2 , 5 mM β-mercaptoethanol and 0.1% SDS.
Phenol extraction was repeated twice and the RNA was precipitated with 2 vol ethanol and collected by centrifugation. The pellet was redissolved in a buffer containing 3 M NaOAc, pH 6.0, 0.01 M MgCl 2 , 5 mM EDTA, stirred in the cold room for 60 min and the insoluble high molecular weight RNA was precipitated by centrifugation in a SS34 rotor (Sorvall centrifuge) at 10 000 r.p.m. for 20 min. The supernatant fraction contained low molecular weight RNA. The tRNA-enriched sample was further purified by adsorption to DEAE-cellulose in 0.25 M NaCl (0.01 M MgCl 2 , 1 mM EDTA, 0.01 M NaOAc, pH 4.5) followed by elution with 1 M NaCl in the same buffer. About 16 mg of low molecular weight RNA were recovered after the DEAE-cellulose step.
Aminoacylation of tRNAs
Assay of amino acid acceptance of Euplotes tRNA was performed in a 13 µl reaction mixture containing 100 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 50 mM KCl, 5 mM ATP, 3 mM dithiothreitol, 0.5 mM CTP, 30 µM cysteine, 50 Bq/µl of 35 S-labelled cysteine and appropriate amounts of tRNA and unfractionated aminoacyl-tRNA synthetase from T.thermophila (16) . Incubation was for 15 min at 37_C. Each series of experiments included a control to which no tRNA had been added. Routinely the measured incorporation of [ 35 S]cysteine in the presence of tRNA Cys -enriched samples was 3-7 times higher than in the control assay.
Synthesis and labelling of oligodeoxyribonucleotides
Oligonucleotides were synthesized with the Gene Assembler Plus from Pharmacia LKB. They were end-labelled with [γ-32 P]ATP using T4 polynucleotide kinase (29) and purified by using Nucleobond AX5 columns (Macherey-Nagel, Düren).
Reverse transcription and PCR amplification
For tRNA cDNA synthesis, 1 µg of unfractionated Euplotes tRNA or aliquots of gel fractions containing tRNA Cys were incubated with 10 pmol of an oligonucleotide primer complementary to the 3′ end of a putative tRNA Cys and denatured for 5 min at 90_C in a total volume of 12 µl distilled water. Reverse transcription with SuperscripttII was performed as recommended by the manufacturer. One tenth of the cDNA reaction mixture or 100 ng of genomic DNA was taken for PCR amplification using appropriate primers, 200 µM of each dNTP and 2.5 U Pfu DNA polymerase in a 100 µl final volume. The mixture was subjected to 30 cycles of PCR in a Perkin-Elmer Cetus Thermocycler. Each cycle consisted of 30 s at 94_C, 1 min 55_C (±1_C) and 45 s at 72_C. The PCR products were subsequentley cloned into the SmaI site of pUC19 DNA.
Isolation of DNA from Euplotes cells
Euplotes cells were centrifuged into a Ficoll cushion and concentrated to ∼1 × 10 7 cells/ml. Total genomic DNA was isolated by a modification of the procedure described by Meyer et al. (20) . The packed cells were lysed by adding 2 vol NDS [0.1 M Tris-HCl, pH 9.5, 0.5 M EDTA, 1% (w/v) SDS] and incubated at 65_C for 24 h. Proteins were removed from this mixture by extraction with TE saturated phenol. The aqueous phase was dialyzed overnight three times against 100 vol TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Total DNA was precipitated by adding 0.1 vol 4 M LiCl and 2 vol 95% ethanol. After centrifugation the DNA was resuspended in distilled water.
Southern hybridization
Transfer of DNA to nylon membranes (Biodyne B from Pall, Dreieich) was by the method of Southern (28) . Prehybridization of the nylon membranes was in 6× SSC, 10× Denhardt's, 0.01 M phosphate buffer, pH 6.8, 10 mM Na 2 EDTA, 1 mM ATP, 0.1% SDS and 100 µg/ml denatured herring sperm DNA at 42_C for 2 h. Hybridization was at 42_C overnight in the same buffer and ∼10 6 c.p.m. 32 P-labelled oligodeoxyribonucleotide/ml. After hybridization the membranes were washed twice with 6× SSC, 0.05% SDS at room temperature, once at 40_C for 30 min and once at the stringent temperature (T D [_C] -7).
Isolation of genomic clones
A genomic library was prepared by ligation of undigested genomic DNA fragments from E.octocarinatus into SmaI-cleaved pUC19 DNA in the presence of T4 DNA ligase and appropriate amounts of T4 DNA polymerase according to Sambrook et al. (29) . The DNA mixture was used to transform the E.coli strain JM109. Colony screening was carried out with 32 P-labelled oligonucleotides as probes. Prehybridization, hybridization and washing of the nitrocellulose filters was performed as described above.
In vitro transcription in HeLa cell nuclear extract
Nuclear extract was prepared from HeLa S3 cells essentially as described by Dignam et al. (30) . Transcription assays and the elution of precursors from preparative gels were performed as described by Stange and Beier (31) .
RESULTS
Purification of tRNA Cys from Euplotes cells
At the beginning of our studies to characterize the number of tRNA Cys isoacceptors in the hypotrichous ciliate E.octocarinatus we attempted to purify tRNAs Cys by classical procedures, i.e., by fractionation of tRNA species and subsequent direct RNA sequencing of the purified tRNA species according to Stanley and Vassilenko (32) . Due to the limited amount of Euplotes low molecular weight RNA, we abandoned column chromatography as a first step of tRNA fractionation. Instead, we separated total tRNA from Euplotes cells by successive polyacrylamide gel electrophoresis; first in a non-denaturing 10% polyacrylamide gel, pH 8.3 (containing 9% glycerol and 0.3× TBE), followed by a 10% denaturing polyacrylamide gel, pH 3.5, and then by a 12.5% denaturing polyacrylamide gel, pH 8.3. We identified potential tRNA Cys isoacceptors in individual gel fractions by aminoacylation with [ 35 S]cysteine in the presence of unfractionated aminoacyl-tRNA synthetase from T.thermophila, prepared as described by Kuchino et al. (16) .
Separation of total tRNA in the first non-denaturing gel resulted in 12 individual bands (numbered 1-12 with increasing mobility) as demonstrated by toluidine blue staining of the gel. Cysteine acceptor activity was detected mainly in gel fractions 7 and 8 and to a minor extent in fractions 4 and 9. The cysteine tRNA-containing fractions 7 and 8 were further purified as described above.
Preliminary nucleotide sequences revealed the presence of one tRNA Cys isoacceptor with GCA anticodon in either fraction. Unfortunately we were unable to elucidate the complete nucleotide sequence of this tRNA species because the low yields of purified RNA did not allow further confirmation of the 5′ and 3′ ends by mobility shift analyses.
Reverse transcription of Euplotes tRNAs and PCR amplification
As pointed out earlier, we had expected either a tRNA Cys isoacceptor with ICA anticodon or a tRNA Cys with U*CA anticodon in addition to normal tRNA Cys GCA to be present in Euplotes cells. Since we had identified only the latter tRNA species by direct RNA sequencing, we assumed that we had not detected tRNA Cys U*CA or tRNA Cys ICA either because these unconventional tRNA Cys isoacceptors existed in minor amounts and/or could not be charged with cysteine by the heterologous aminoacyl-tRNA synthetase preparation used in our assays. That is why we tried to identify a potential second tRNA Cys isoacceptor by reverse transcription of cellular RNA followed by PCR amplification of the cDNA products.
In the first series of RT-PCR analyses we chose the tRNA Cys -containing gel fractions 7 and 8 (described in the previous chapter) as a source for reverse transcription and the oligonucleotides Cys 1 and Cys 2 as primers for PCR amplification ( Table 1 ). The primers were deduced essentially from the 5′ and 3′ distal sequences of the known tRNA Cys gene of the hydrozoon Podocoryne carnea (33) . Amplified products were resolved in a 10% polyacrylamide gel and gave rise to a single product of ∼75 bp (Fig. 1 ). The PCR products were recovered from the polyacrylamide gel and subcloned into pUC19 DNA for further characterization. Numerous clones were sequenced and revealed the presence of tRNA Cys with GCA anticodon in gel fractions 7 and 8 and no further tRNA Cys isoacceptor. However, various other tRNA species were identified which are listed in Table 2 . Table 1 . Oligodeoxyribonucleotides used in this study For a second series of RT-PCR analyses we chose the oligonucleotide Cys 3 instead of Cys 2 as primer for reverse transcription according to the partial nucleotide sequence of Euplotes tRNA Cys obtained in the course of the first RT-PCR analysis ( Tables 1 and 2 ). Furthermore, we expanded our search for another Euplotes tRNA Cys isoacceptor by employing, on the one hand, unfractionated low molecular weight RNA and, on the other hand, almost all tRNA gel fractions after separation of total tRNA in a non-denaturing gel (i.e., gel fractions 4-12) as source for reverse transcription. RT-PCR analyses yielded again a single PCR product of ∼75 bp in all cases. Approximately 60 clones were sequenced and disclosed the presence of the known tRNA Cys isoacceptor with GCA anticodon in ∼40% of them. The residual clones comprised again other tRNA-derived sequences, mostly identified only once or twice with the exception of tRNA Val CAC and tRNA Thr UGU which were detected in 9 and 20 clones, respectively, in the two series of RT-PCR analyses ( Table 2 ). It should be noted that tRNA Val with CAC anticodon is one of the isoacceptors not found in prokaryotes. Particular features of all sequenced tRNA species are the prevalence of the sequence G 22 A 23 G 24 C 25 in the D-stem and a uridine residue at position 32.
In order to confirm that the tRNA Cys sequence deduced from RT-PCR analyses originated indeed from the Euplotes genome, we carried out a third series of PCR analyses starting with genomic DNA instead of RNA fractions. The primers Cys 1 and Cys 3 ( Table 1) were used for the amplification of Euplotes tRNA Cys genes. Sequence analyses of six cloned PCR products disclosed the exclusive presence of a tRNA Cys gene with GCA anticodon, identical in sequence between nucleotides 20 and 55 of mature tRNA with the tRNA Cys isoacceptor characterized by direct RNA sequencing and RT-PCR analyses.
tRNA Cys gene-specific restriction patterns of Euplotes DNA
The partial nucleotide sequence of Euplotes tRNA Cys GCA was used to design the oligonucleotide Cys 4 ( Table 1) , complementary to nt 21-40 of tRNA Cys (Table 2) , which was subsequently utilized as a probe in hybridization experiments with Southern blots of genomic DNA from E.octocarinatus. A unique hybridizing fragment of ∼630 bp was detected after separation of undigested or EcoRI-and HindIII-cleaved Euplotes DNA in 0.8% agarose gels ( Fig. 2A) , indicating that only a single DNA fragment coding for tRNA Cys GCA exists in the macronucleus of E.octocarinatus and that this chromosomal fragment does not contain EcoRI or HindIII restriction sites. In all our previous RT-PCR experiments we had not detected a tRNA Cys isoacceptor with UCA anticodon ( Table 2 ). Since reverse transcriptase reads inosine as guanosine (34), we were not able to discriminate between tRNAs Cys with GCA or ICA anticodon by RT-PCR analyses. At the DNA level, tRNA genes coding for isoacceptors with inosine residues have an adenosine at the corresponding positions (34) . This unique feature makes it possible to distinguish between potential tRNA Cys genes carrying a GCA or ACA anticodon by direct PCR analyses of genomic DNA. As mentioned in the previous chapter, these analyses did not reveal a tRNA Cys gene distinct from the known one with GCA anticodon.
In order to try a second strategy for the identification of further tRNA Cys genes, we carried out a number of various Southern analyses. For this purpose we synthesized the two oligonucleotides Cys 5 and Cys 6, whose sequences are complementary to putative tRNA Cys genes with TCA or ACA anticodon (Table 1 ) and used them in addition to Cys 4 as radioactive probes in hybridization experiments with Southern blots of undigested and DraI-cleaved Euplotes DNA. The DNA fragments were separated on a 2% and c) were subjected to electrophoresis on a 0.8% agarose gel. Lambda DNA and T7 DNA digested with HindIII and HpaI, respectively, were run as molecular weight markers in adjacent lanes. Hybridization to Southern blots was carried out with 5′-32 P-labelled oligonucleotide Cys 4 ( Table 1 ). (B-D) Three micrograms of undigested (lanes a) or DraI-cleaved DNA (lanes b) were subjected to electrophoresis on a 2% agarose gel. SPP1 DNA and T7 DNA digested with EcoRI and HpaI, respectively, were run in adjacent lanes. Hybridization to Southern blots was carried out with oligonucleotides Cys 4 (B), Cys 5 (C) and Cys 6 (D) using equal amounts (i.e. 10 6 c.p.m./ml) of radioactive probes. The temperatures utilized for stringent washing of the nylon membranes were 7_C below the estimated T D (Table 1 ) in each case. The nylon membrane used for hybridization analysis with oligonucleotide Cys 4 was actually reprobed with oligonucleotide Cys 6 after stripping the membrane with a boiling 0.1% SDS solution. The numbers indicate the length of the fragments in base pairs. agarose gel in order to achieve a better resolution of small molecules. The use of 32 P-labelled Cys 4 as probe yielded a hybridizing DraI fragment of ∼350 bp (Fig. 2B ), suggesting that the macronuclear fragment of 630 bp, coding for tRNA Cys GCA , contains at least one DraI restriction site (which was later confirmed, Fig. 3 ). Employing Cys 5 and Cys 6 oligonucleotides as probes for Southern blots of undigested and DraI-cleaved Euplotes DNA resulted essentially in the same hybridization patterns ( Fig. 2C and D) as seen with Cys 4 (Fig. 2B ). That is, no further hybridizing fragments of strong or low intensity were detected in any of the Southern blots, implying the absence of macronuclear chromosomes (distinct from the 630 bp fragment) carrying tRNA Cys genes with TCA or ACA anticodon.
Isolation of a tRNA Cys gene-containing macronuclear fragment from Euplotes DNA
In order to characterize the tRNA Cys -gene(s) containing fragment in detail we isolated the 630 bp macronuclear molecule from DNA of E.octocarinatus. For this purpose we constructed a library by ligating 3 µg of undigested Euplotes DNA into the SmaI site of pUC19 DNA and transformed competent E.coli JM109 cells with this ligation mixture. About 20 000 recombinant colonies were subsequently screened with 32 P-labelled oligonucleotide Cys 7 (Table 1) , whose sequence is complementary to nt 30-51 of Euplotes tRNA Cys ( Table 2 ). The latter oligonucleotide was chosen for library screening because it produced less non-specific signals as compared to Cys 4, which had been used in Southern hybridizing experiments (Fig. 2) . After repeated colony screening, five independent recombinant clones were isolated which all carried inserts of different lengths. After cleavage of the recombinant DNA with EcoRI and HindIII restriction enzymes, only one clone turned out to contain solely the expected fragment of ∼630 bp. The remaining clones each contained two DNA insertions which originated from blunt end ligation of the authentic 630 bp fragment and other macronuclear fragments of different lengths, ranging in size from ∼0.86 to 2.3 kb as was deduced from partial or complete sequence analyses (not shown). The insert contained in clone 1 was sequenced according to Hattori and Sakaki (35) and called pEotC1. It has a total length of 630 bp and expresses all features typical for a macronuclear fragment, i.e., it carries the C 4 A 4 -telomeric repeats (36) as well as the pentanucleotide motif TTGAA, located 17 bp downstream of the telomeres (Fig. 3) . This motif is proposed to be a fragmentation signal recognized by enzymes that cut out the macronuclear chromosomes from the micronuclear DNA during formation of macronuclear anlagen (37) . A nucleotide sequence possibly involved in DNA replication was found near the 3′ end of the 630 bp fragment. It consists of the palindromic sequence TCCCGGTTTGGCCCT and an adjacent 17 bp sequence, AAATTTGCTTCAAATTT, capable of forming a hairpin loop. Such DNA structures have also been identified in other hypotrichs (11, 38, 39) .
The 630 bp macronuclear fragment harbours a single copy of a tRNA Cys GCA gene, whose sequence is colinear with the one deduced from RT-PCR analyses within the sequenced region (Table 2 ). However, the Euplotes-specific distal sequences at the 5′ and 3′ ends of tRNA Cys differ in fact in a number of positions from the ones that were originally used for the construction of primers Cys 1, Cys 2 and Cys 3 ( Table 1 ) and subsequently for the first series of RT-PCR analyses which had resulted in the characterization of various non-cysteine tRNA species (Table 2) . In a last attempt to identify a Euplotes tRNA Cys isoacceptor distinct from tRNA Cys GCA we synthesized the oligonucleotides Cys 9 and Cys 10 ( Table 1) , identical and complementary, respectively, to the 5′ and 3′ ends of the tRNA-like strand of the tRNA Cys gene (Fig. 3) and repeated RT-PCR analysis with these two primers and unfractionated tRNA from Euplotes cells. In the course of these analyses we did not characterize any PCR products that were the result of reverse transcription of non-cysteine tRNAs. Instead, we identified only the known tRNA Cys with a GCA anticodon and no other tRNA Cys isoacceptor.
In vitro transcription of Euplotes tRNA Cys gene in HeLa cell nuclear extract
The HeLa nuclear extract has been shown to support RNA polymerase III-dependent transcription of numerous heterologous tRNA genes originating from yeast, plants and the ciliated protozoon Tetrahymena (25, (40) (41) (42) (43) . Transcription by RNA polymerase III is generally initiated upstream of the tRNA gene at a purine neighbouring a pyrimidine and is terminated at a stretch of at least five consecutive thymidine residues within ∼20 bp downstream of the tRNA gene (44) . The tRNA Cys gene contained in the 630 bp macronuclear fragment of E.octocarinatus is flanked by a putative initiation signal at position -5 and a termination site consisting of five T residues downstream of the tRNA Cys gene (Fig. 3) . It has been shown previously that in vitro transcription of tRNA genes in HeLa extract proceeds efficiently at 1-2 mM MgCl 2 , but that processing of flanking sequences takes place only at Mg 2+ concentrations ≥3 mM (45) . Transcription of pEotC1 in the presence of 1 mM MgCl 2 yields a single transcript of 83 nt which contains 5′-and 3′-flanking sequences (Fig. 4, lane c) . This pre-tRNA Cys is almost completely converted to the 75 nt-long mature tRNA after 60 min of incubation in HeLa cell nuclear extract in the presence of 3 mM MgCl 2 (Fig. 4, lane d) . For comparison, the transcription of a Nicotiana tRNA Cys gene (i.e., pNtC1) and the maturation of the derived pre-tRNA Cys is also shown (Fig. 4, lanes a and b) .
5S RNA gene-specific restriction patterns of Euplotes DNA
The existence of only one molecule of 630 bp containing a single copy of the tRNA Cys GCA gene in the macronucleus of E.octocarinatus raised the question of if this finding reflects a feature expressed by only this particular tRNA gene or reveals a general strategy for all RNA-coding molecules in this hypotrichous ciliate. To gain a first insight into the qualitative and quantitative organization of other RNA-coding macronuclear fragments in E.octocarinatus, we examined the distribution of 5S RNA genes in the macronucleus c) were subjected to electrophoresis on a 1% agarose gel. SPP1 DNA digested with EcoRI was run as molecular weight marker in adjacent lanes. Hybridization to Southern blots was carried out with the 5S RNA-specific oligonucleotide 5S 1 (A) and for comparison with the tRNA Cys -specific oligonucleotide Cys 4 (B), listed in Table 1 , using equal amounts (i.e., 10 6 c.p.m./ml) of radioactive probes. The numbers indicate the length of the fragments in base pairs. of this organism, because some data were available about 5S RNA and/or 5S DNA sequences in other Euplotes species, i.e., the 5S RNA nucleotide sequence from E.woodruffi (46) and the DNA sequence of 5S RNA from E.eurystomus (39) . We synthesized the oligonucleotide 5S 1 ( Table 1 ) whose sequence is identical to nt 83-101 on the RNA level (46) . This region is part of the internal control region to which the 5S RNA-specific transcription factor IIIA binds as a prerequisite for accurate initiation of transcription by RNA polymerase III (47) .
Using probe 5S 1, a distinct hybridizing fragment of ∼850 bp was identified in Southern blots after separation of undigested or EcoRI-cleaved Euplotes DNA in a 1% agarose gel (Fig. 5B,  lanes a and b) , indicating that only a single DNA fragment coding for 5S RNA is present in the macronucleus of E.octocarinatus and that this fragment does not contain an EcoRI site. Digestion of Euplotes DNA with DraI yielded a hybridizing fragment of ∼650 bp (Fig. 5B, lane c) , suggesting that the 850 bp macronuclear fragment contains at least one DraI site. For direct comparison, we performed the corresponding analyses again with the tRNA Cys -specific probe Cys 4 ( Table 1 ), using the same amount of non-hydrolized and digested Euplotes DNA and the same quantity of 32 P-labelled oligonucleotide as employed for the 5S 1 probe. Strong radioactive signals of similar intensities were visible after 24 h of exposure in both types of analyses ( Fig. 5A  and B ). The sizes of macronuclear DNA molecules coding for 5S RNA have been reported for a number of other hypotrichs and are 690 bp in Oxytricha fallax (48) , 600 and 680 bp in Oxytricha nova, 600 bp in Stylonychia lemnae, 640 bp in Onychodromus quadricornutus and 930 bp in Euplotes eurystomus (39) .
Until now, there has been no information about tRNA genes or tRNAs in hypotrichous ciliates. As described above, we accidentally identified a number of other tRNA sequences in addition to those of tRNA Cys GCA by RT-PCR analyses ( Table 2 ). Most of these sequences were unique, but two of them were found in 9 and 20 independent clones. The corresponding tRNAs were characterized as tRNA Val with CAC and tRNA Thr with UGU anticodon. We regarded these two species as true Euplotes tRNAs and deduced the oligonucleotides Val 1 (complementary to nt 22-41) and Thr 1 (complementary to nt 21-40) from the corresponding nucleotide sequences (Tables 1 and 2 ). The two probes were used in Southern hybridization experiments analogous to those described above. A DNA molecule of 2.7 kb and a molecule of ∼6 kb were detected with probe Val 1 and Thr 1, respectively, after separation of undigested Euplotes DNA in a 1% agarose gel and subsequent blotting onto a nylon membrane. Interestingly, the intensities of these bands were quite low, even after 4 days of exposure of the X-ray film (not shown).
DISCUSSION
In at least two representatives of the ciliate genus Euplotes, UGA is translated as cysteine (10, (20) (21) (22) (23) . This finding raised the question about the nature of the tRNA involved in decoding UGA, which is a termination codon in the standard genetic code.
We have shown in the present work that a single DNA fragment of 630 bp occurs in the macronucleus of E.octocarinatus that carries only one copy of a tRNA Cys gene with a GCA anticodon ( Fig. 3) . Extensive studies on the tRNA or DNA level have given no indication for the existence of a putative tRNA Cys with UCA or ICA anticodon in this organism. Thus, we have isolated low molecular weight RNA from Euplotes cells and looked for tRNA Cys -isoacceptors by RT-PCR analyses in unfractionated total tRNA as well as in tRNA gel fractions by utilizing complementary and degenerated primers ( Table 1 ). Although we accidentally identified a number of non-cysteine Euplotes tRNA species (Table 2) , we never found a tRNA Cys other than the normal one. Furthermore we have not discovered a second tRNA Cys isoacceptor by direct PCR amplification of putative tRNA Cys genes in the genomic DNA of E.octocarinatus, nor have we obtained any evidence for the presence of more than one chromosomal tRNA Cys -encoding fragment in the macronucleus of this organism by Southern hybridization analyses (Fig. 2) . Comparison of tRNA Cys sequences from a broad range of eukaryotic organisms, including plants, animals and the hydrozoon Podocoryne reveals a high degree of sequence homology among each other and with tRNA Cys from Euplotes (Fig. 6 ). This aspect makes it unlikely that a putative second Euplotes-specific tRNA Cys isoacceptor has escaped our detection simply because of a low degree of sequence similarity. Moreover, in all known cases of newly acquired tRNA isoacceptors in addition to normal ones, like in Mycoplasma and Tetrahymena, an evolutionary relationship of the corresponding species is still obvious (17, 49) .
If we accept the fact that in Euplotes cells no tRNA Cys is available that can read UGA codons by classical or 'wobble' base pair interactions, i.e., a tRNA Cys with U*CA or ICA anticodon, respectively, we have to consider how Euplotes tRNA Cys GCA deals with the challenge of translating UGA which involves an unconventional G:A mispairing in the first anticodon position. We have recently isolated and sequenced a number of natural suppressor tRNAs which all read termination codons by unorthodox anticodon-codon interactions (50) (51) (52) (53) (54) . For instance, we have shown that tobacco chloroplast and cytoplasmic tRNAs Cys with GCA anticodons stimulate readthrough over an internal UGA codon in a tRNA-dependent wheat germ extract (52) and have thus identified plant tRNA Cys GCA as a potential natural UGA suppressor. The efficiency of suppression depends on several factors including structural elements of the tRNA itself as well as specific modifications in the anticodon loop (50, 52, 55) . Yet none of the features which have been discussed to enhance suppressor activity of a near-cognate tRNA appears to be valid for Euplotes tRNA Cys . Thus, it has been proposed that i 6 A or ms 2 i 6 A at position 37 next to the anticodon at the 3′ side might stabilize unconventional base pairs at the first anticodon position (52), but Euplotes tRNA Cys GCA carries an m 1 G at this position as deduced from direct RNA sequencing (not shown).
An absolute prerequisite for stop codon readthrough by natural suppressor tRNAs is a favourable codon context. For instance, suppression of the leaky UAG codon in tobacco mosaic virus RNA depends strictly on the 6 downstream nucleotides in vivo (56) and in vitro (50, 57) . In-frame TGA codons are often found in genes of E.octocarinatus, amounting to 36% of all cysteine codons (58) . Close inspection of the nucleotides neighbouring any of these UGA codons reveals no similarity at all, thus excluding the assumption that a suitable codon context might favour UGA readthrough by normal tRNA Cys GCA . It has been Downloaded from https://academic.oup.com/nar/article-abstract/26/20/4557/2901992 by guest on 28 December 2018 speculated that 3′ codon effects on stop codon readthrough may be due to a reduced competition between suppressor tRNA and the polypeptide chain release factor (59, 60) . If one assumes that the Euplotes specific release factor has lost completely the capability to bind to UGA, competiton of the latter at the site of the UGA codon could be neglected and any context effects as well. This scenario is reminiscent of the situation observed in mammalian mitochondria and the prokaryote Mycoplasma, where the release factor RF-2 (responsible for interacting with UAA and UGA) has not been detected at all or has lost its activity towards UGA (61, 62) .
The macronucleus of hypotrichs contains 'gene-sized' DNA molecules ranging in size from ∼500 to 15 000 bp. Each different molecule is present between 10 3 and 10 4 copies (8). However, some DNA molecules are known that are differentially amplified (63) (64) (65) . Among the exceptions are the DNA molecules encoding ribosomal RNAs. A macronuclear fragment of ∼7.5 kb contains the coding regions for 19S, 5.8S and 25S rRNA in most studied hypotrichs (66) and is present in 10 5 -10 6 copies per macronucleus (8) . Similarly, the minichromosome of 930 bp coding for the 5S rRNA is amplified to a total of 9.5 × 10 5 copies in the macronucleus of E.eurystomus (39) . In a first approach to obtain some idea about the copy number of the tRNA Cys -encoding 630 bp fragment in E.octocarinatus, we have carried out Southern hybridizations with oligonucleotides complementary to the known tRNA Cys GCA and in parallel to putative tRNA Thr UGU , tRNA Val CAC and 5S rRNA, respectively. The results imply that the 630 bp molecule is as abundant as the 850 bp fragment encoding 5S rRNA ( Fig. 5 ) and that other tRNA gene-containing molecules are present in considerably lower amounts. If, as a general rule, RNA molecules of hypotrichs such as small and large rRNAs (8, 39) , telomer RNA (67) and tRNA Cys GCA are specified by only one type of gene, this would rule out the possibility that new species, i.e., new tRNA isoacceptors, originate from one of several members of a tRNA gene family and could further explain the existence of a sole tRNA Cys GCA in E.octocarinatus. The situation in holotrichous ciliates is different in that ∼30 clusters of 5S rRNA genes, each consisting of about five members, are present, for example, in the haploid genome of T.thermophila (68) and at least 18 different tRNA Tyr genes have been identified in the same organism (43) .
In summary, we favour two explanations for the efficient decoding of in-frame UGA codons by normal tRNA Cys GCA in Euplotes cells: (i) an altered release factor that has lost its binding specificity towards UGA and (ii) an exceptionally high abundance of this tRNA isoacceptor as compared to other tRNA species.
